To speed up the response and reduce the chattering of a sliding mode control system, a novel reaching law with two variable power terms is proposed, which makes the system have a fast approaching rate either far away from or close to the sliding surface. Moreover, an improved global fast terminal sliding surface with the dynamic coefficients is proposed, which can make the system states arrive at the equilibrium point along the sliding surface with a fast convergence rate. Furthermore, a novel global fast terminal sliding mode controller is designed by employing the proposed reaching law and sliding surface, which can quicken the convergence rate of the system states in both the reaching phase and the sliding phase. Theoretical analysis shows that the proposed controller can ensure finite-time convergence. Experiment results are presented to verify the effectiveness and superiority of the proposed global fast terminal sliding mode control scheme.
I. INTRODUCTION
Sliding mode control (SMC) is widely used to address bounded disturbances [1] - [6] . This control method has many good properties, such as strong robustness and fast response. However, its chattering problem cannot be ignored, which may cause system instability. Thus, it is especially important to reduce the chattering in the SMC approach for practical applications. Generally, there are some strategies to resolve the problem, such as high-order sliding mode control [7] - [9] , the boundary layer method [10] , [11] , and the reaching law method [12] - [14] .The main reason for chattering is that the system states arrive at the sliding surface non-ideally. The reaching law method can directly handle the approaching process at the sliding surface to alleviate the chattering [15] .
For the above issues, a number of reaching laws for the SMC were developed for chattering reduction. These reaching laws, such as the constant reaching law, the exponential reaching law and the power reaching law, were proposed by Gao and Hung [16] . In general, the power reaching law could reduce chattering, but the approaching speed is slow. Based on the power reaching law, the quick power reaching law adds The associate editor coordinating the review of this manuscript and approving it for publication was Heng Zhang. a linear term, which can shorten the convergence time when the system is far away from the sliding surface. The double power reaching law constructed by the linear combination of two power terms could further improve the performance of the power reaching law and reduce the chattering amplitude. Novel reaching laws were proposed to ensure a fast reaching rate to the sliding surface along with properties for reducing the chattering amplitude. The literature [17] proposed a reaching law with chattering-free and fast response by combining two hyperbolic functions. The literature [18] designed a novel enhanced double power reaching law that could improve the convergence rate and reduce the chattering. The literature [19] proposed a multi-power reaching law with three power terms to quicken the response of a discretetime system. The literature [20] presented a new reaching law based on the selection of the piecewise function term, which could adaptively adjust the reaching rate to the sliding surface. In order to further improve the dynamic performance of the SMC, an effective method is to use nonlinear sliding surfaces. Terminal sliding mode is one of the nonlinear sliding surfaces, which can guarantee the finitetime convergence. Based on the terminal sliding mode, global fast terminal sliding mode adds a linear term, which can make system states arrive at the equilibrium point along the sliding surface in a shorter time [21] .Additionally, the global fast terminal sliding mode control method has been widely researched and gradually applied to practical application.For instance,an adaptive global fast terminal sliding mode control scheme was proposed for the tracking control of uncertain nonlinear high-order systems [22] . An adaptive fuzzy global fast terminal sliding mode controller was designed to control the microgyroscope system [23] . An improved global fast terminal sliding mode control scheme was employed to control cable-driven manipulators [24] . An adaptive super-twisting global fast terminal sliding mode control technique was used to control rigid robotic manipulators [25] . Thus, the performance of SMC would be greatly improved by the global fast terminal sliding mode control based on the reaching law.
It is generally believed that the double power reaching law has better control performance than the quick power reaching law. To the best of the authors' knowledge, little attention has been paid to the problem that the latter has faster convergence than the former, when the system is close to the sliding surface. To further enhance the response and reduce the chattering of the system, a new reaching law is developed in this paper. The characteristics of the novel reaching law are analyzed, and the reaching law can cause the system to always have a fast approaching speed whether the system is far away from or close to the sliding surface. Moreover, an improved global fast terminal sliding surface with dynamic coefficients is developed to accelerate convergence to the equilibrium point. Furthermore, combining the improved sliding surface and the new quick reaching law, a novel global fast terminal sliding mode controller is designed. Experiment results show that the proposed global fast terminal sliding mode control method has faster convergence and smaller chattering than the existing global fast terminal sliding mode methods.
II. NOVEL REACHING LAW
In general, the quick power reaching law and the double power reaching law can be separately written as follows:
where k 1 > 0, k 2 > 0, 0 < r 1 < 1, r 2 > 1.
When the system state is far from the sliding surface, i.e., |s| > 1, (2) has a faster reaching speed than (1). However, when the system state is close to the sliding surface, i.e., |s| < 1, (1) has a faster reaching speed than (2) . Combining the respective advantages of the above two reaching laws, a novel quick reaching law is proposed as:
with where
and r is a positive even number. The novel reaching law with two variable power terms has strong adaptive ability. g 1 (s) is a constructed nonlinear function, and g 2 (s) is a piecewise function. By designing appropriate parameters r and λ, Eq.(3) is equivalent to the following expression:
When |s| ≥ 1, both terms play the role, thus (3) has a faster reaching speed than the double power reaching law. When 0 < |s| < 1, the reaching law becomes a quick power reaching law that has a faster reaching rate than the double power reaching law. It is worth noting that, when the variable s is close to 0, then |s| f 0 < |s| f 0 −f 2 which can achieve the goal of chattering reduction. Hence, the novel reaching law can not only reduce the chattering, but also have fast convergence whether the system is far away from or close to the sliding surface.
For instance, set f 0 = 0.5, f 1 = 1.3, f 2 = 0.3, when r and λ are set as different values, changing curves of g 1 (s) with s are shown in Fig.1 .The parameters in (1), (2) and (3) are set as k 1 = 2, k 2 = 3, r 1 = 0.5, r 2 = 1.5, r = 600, λ = 400. The initial condition of the variable s is set as s(0) = 1 and s(0) = 100. Then, simulation results for the three reaching laws are displayed in Fig.2 .
From Fig.2 , it is easy to note that when |s| > 1, the double power reaching law has a higher reaching speed than the quick power reaching law. However, when |s| < 1, the quick power reaching law has a faster reaching rate than the double power reaching law. Additionally, the proposed reaching law has the faster convergence than the other two reaching laws whether |s| is greater than 1 or less than 1. VOLUME 8, 2020 Proof: According to the set conditions,
and r is a positive even number. Choose a Lyapunov function such that V 1 = 0.5s 2 , the time derivative of V 1 , iṡ
Since V 1 > 0 andV 1 < 0 are satisfied, the sliding surface is reachable. The system can reach the sliding surface in a finite time, which is proved as follows:
When |s(0)| > 1, the reaching phase can be divided into two stages: s(0) → |s| = 1 and |s| = 1 → s = 0. The approaching time of the two stages are calculated.
Stage 1: s(0) → |s| = 1, g 1 (s) = g, g 2 (s) = g. In this stage, both terms of (3) play the role, then the convergence time can be calculated as:
Then:
In this stage, the convergence time can be approximately calculated as:
For the sliding mode variable s, from s(0) to 0, the sum convergence time t r can be described as:
THE STABLE BOUND FOR THE DISTURBANCE
When there is an uncertain bounded disturbance in the system, the variable s of the system in (3) could converge to a finite region in a fixed time. Definition 1 [26] : Consider the dynamic system:
where x ∈ R n , and f (x) : D → R n is continuous on an open neighborhood D ⊆ R n of the origin, and f (0) = 0. Suppose there exists a positive definite and radially unbounded function V (x) : R n → R, real numbers c > 0, and 0 < ϑ < 1, such thatV (x) ≤ −cV ϑ (x). Then, the origin is regarded as a finite-time-stable equilibrium point of the system (13) .
Lemma 1 [27] : Suppose there exists a continuous function V : R n → R such that the following conditions hold: (i) V (0) = 0, and the origin is the equilibrium point.(ii)There exists 0 < µ < 1, v > 0, r µ > 0, r v > 0, such that the following inequality holds:
Then, the origin is the fixed-time-stable equilibrium point, and the maximum convergence time should satisfy the following condition:
Theorem 2: Assume an uncertain system as:
where ρ is the disturbance, |ρ| ≤ ρ max , and ρ max > 0. The variable s of the uncertain system could converge to the finite set in a fixed time as follows:
Proof: A Lyapunov function is considered:
Combining with (16) , the time derivative of V 2 is given by:
Eq. (19) can be rewritten as the following form:
For (20), in order to ensureV 2 < 0, the condition, namely k 2 − ρ/(|s| g 2 (s) sgn(s)) > 0, should be satisfied. According to (20) 
Eq. (21) can be approximately rewritten as follows:
According to Lemma 1, it can be easily concluded that the sliding variable s will be bounded in a fixed time.Assume = (ρ max /k 2 ) 1/g 2 (s) , then the variable s can converge to a finite region as (23):
III. THE NOVEL SLIDING SURFACE
Generally, the global fast terminal sliding mode surface can be designed as follows:
where α > 0, β > 0, 0 < δ < 1.
For (24), when s 0 = 0, then the equation of sliding motion can be given byẋ
When x is far away from 0, the first term of (25) plays a major role. When x is close to 0, the second term of (25) plays a major role.
To further enhance the performance of the global fast terminal sliding mode, an improved sliding surface is proposed in this section. Inspired by the work in [28] , a novel global fast terminal sliding mode manifold is presented as: When s = 0, then the equation of sliding motion can be described as:
Compared with (24) , the coefficients of the sliding surface in (26) are dynamically changed with |x|. When |x| ≥ ε, the first term of (27) plays a larger role and the second term of (27) plays a smaller role. When |x| < ε, the first term of (27) plays a smaller role and the second term of (27) plays a larger role. To sum up, its core idea is to further enhance the effect of the term that plays a major role and to weaken the effect of the other term that plays a minor role, which is benefit for improving the response performance of the control system.
For instance, the parameters in (24) and (26) are selected as α = 1, β = 1, δ = 0.6, ε = 1, η 1 = 1.2, and η 2 = 1.4.The initial condition is set as x(0) = 1, x(0) = 20, respectively. The performance comparisons of two sliding surfaces are shown in Fig.3 .The proposed sliding surface has the faster convergence than (24) , as shown in Fig.3 .
A. CHARACTERISTIC ANALYSIS Theorem 3: When there is an uncertain bounded disturbance in the system, state variables x andẋ described in (26) can converge to the neighborhood of the equilibrium point (0, 0) in a finite time.
Proof: Choose a Lyapunov function V 3 = 0.5x 2 , then the time derivative of V 3 , iṡ
It can be seen that V 3 > 0 andV 3 < 0.Thus, state variables x andẋ can be stabilized to the equilibrium point.
Similar to the reaching motion, when |x(0)| > ε, the sliding motion is also divided into two stages: x(0) → |x| = ε and |x| = ε → x = 0.
Stage 1: x(0) → |x| = ε. The first term of (27) plays a major role:
Stage 2: |x| = ε → x = 0. The second term of (27) plays a major role:
Thus, the sum time of the sliding motion can be calculated as:
Combined with the reaching motion and sliding motion, the total time of the attainment of the equilibrium point is 
For (33), the following two equations can be obtained:
When α − s(1 + e −η 1 (|x|−ε) )/(2x) > 0 holds, the system states will still maintain sliding motion on the sliding surface, as in (26) . Therefore, the system trajectory will persistently converge to the equilibrium point until it satisfies α − s(1 + e −η 1 (|x|−ε) )/(2x) ≤ 0. It can be obtained that
Thus, the state variable x will converge to the following field in a finite time:
Similarly, it can be easily deduced that:
Then, based on (36) and (38), (39) can be obtained:
In summary, the stability of the system is proven, and state variables x andẋ will converge to a finite region as in (37) and (39).
IV. CONTROLLER DESIGN AND EXPERIMENT RESULTS

A. NUMERICAL EXPERIMENT
Consider a simple second-order system with the following description [29] :
where ρ is the disturbance, |ρ| ≤ ρ max , and ρ max > 0. In this section, for the above system, two cases about the disturbance are considered as follows:
Case1: ρ max is known. The improved global fast terminal sliding manifold is written as:
A novel global fast terminal sliding mode controller based on the novel quick reaching law (NGTSMCNQ) can be given by:
where, the term (ρ max + σ ) sgn(s) is used to dominate the matching uncertainties. Substituting (40) and (43) into (42), there is,
where k 1 , k 2 , ρ max , σ > 0, |ρ| ≤ ρ max and so,
According to (45), it can be observed that the reachability condition of the sliding surface is satisfied.
To verify its effectiveness and superiority, a global fast terminal sliding mode controller based on the proposed quick reaching law (GTSMCNQ) and a global fast terminal sliding mode controller based on a quick reaching law proposed in [29] (GTSMCQ), are designed as follows:
NGTSMCNQ and GTSMCNQ have different sliding surf-faces and the same reaching law. NGTSMCNQ and GTSM-CQ have different reaching laws and sliding surfaces. GTSMCNQ and GTSMCQ have the same sliding surface and different reaching laws. The initial conditions are set as: x 1 = 1 and x 2 = 0.The disturbance is set as ρ = sin(20t).The parameters of the control methods are set as: α = 1, β = 1, ε = 1, k 1 = 1.1, k 2 = 0.7, f 0 = 0.2, f 1 = 2.4, f 2 = 0.1, r = 600, λ = 400, σ = 0.5, b = 1.636, r 1 = 0.2.
Remark 1: Given in [29] , a quick reaching law was verified by an example that it is better than several other conventional reaching laws. Thus, it is used as the object of comparison with the proposed reaching law. Because of different structures of the two reaching laws, it is impossible to make absolutely fair comparison between them. However, the simulation results are sufficient to show the approaching For the three controllers, the trajectories of the system states x 1 , x 2 , and s are shown in Fig.4 .
When the sliding motion of the system is just established,the values of x 1 and x 2 are respectively represented as x 1s and x 2s . For the above three controllers, the time of the reaching motion t r , the time of the sliding motion t s , the total convergence time t, x 1s , and x 2s are listed in Table 1 .
The comparison of the phase portraits of GTSMCQ and GTSMCNQ is shown in Fig.5 .The black line represents the common sliding surface of the two controllers. The purple line represents the phase trajectories of the system based on GTSMCQ. The blue line represents the phase trajectories of the system based on GTSMCNQ.
The comparison of the phase portraits of GTSMCNQ and NGTSMCNQ is shown in Fig.6 . The black dotted line represents the sliding surface of GTSMCNQ. The black solid line represents the sliding surface of NGTSMCNQ. The blue line represents the phase trajectory of the system based on GTSMCNQ. The red line represents the phase trajectory of the system based on NGTSMCNQ. Fig.4 shows the simulation results obtained by the three controllers. Compared with GTSMCQ, GTSMCNQ has a faster response and the shorter time of the reaching motion owing to the proposed reaching law. It is well known that the system is insensitive to disturbances once the sliding surface is reached. This means that the shorter time to reach the sliding surface is better. Thus, GTSMCNQ has stronger robustness than GTSMCQ. However, GTSMCNQ takes more time for the sliding motion than GTSMCQ. This is because that GTSMCNQ makes the position of the attainment of the sliding surface farther away from the equilibrium point, as shown in Table 1 and Fig. 5 . Since both of them have the same sliding surface, GTSMCNQ converges to the equilibrium point with a little bit more time. In conclusion, GTSMCNQ has better control performance than GTSMCQ through synthetical consideration.
From Fig.4(c) , it is not difficult to find that trajectories of the sliding variable s of GTSMCNQ and NGTSMCNQ are coincident. According to (12) , the parameters of the reaching law and initial value of the variable s have an effect on the time of the reaching motion. Because of the same initial value of the variable s and parameter settings, GTSMCNQ and NGTSMCNQ have the same convergence time to the sliding surface. Compared with GTSMCNQ, NGTSMCNQ has a shorter convergence time to the equilibrium point of the system, as shown in Table 1 . From Fig.6 and Table 1 , NGTSMCNQ reaches the sliding surface closer to the equilibrium point. At the same time, (26) has the faster convergence than (24) . For these two reasons, NGTSMCNQ has a shorter time for the sliding motion. So, NGTSMCNQ has the faster response than GTSMCNQ due to the improved sliding surface.
In summary, NGTSMCNQ has a better control performance than the other two controllers.
Case 2: ρ max is unknown. For (40), the novel global fast terminal sliding mode controller is designed as follows:
According to (40), (42), and (48), (49) can be obtained:
Then,
For (50), in order to ensure sṡ < 0, the conditions, namely, k 2 − ρ/(|s| g 2 (s) sgn(s)) > 0 should be satisfied. Hence, the sliding mode variable s will converge to a finite region as in (23) in a fixed time. For the sake of contrast, GTSMCNQ and GTSMCQ are also designed. The values of design parameters of three controllers refer to case 1.When the disturbance boundary is unknown, simulation results obtained by the three control methods are shown in Fig.7 .
From Fig.7 , it can be observed that state variables x 1 , x 2 , and s will separately converge to a small finite field. For NGTSMCNQ, the widths of the finite field do not exceed the calculated results as in (23), (37), and (39). The chattering amplitude of the proposed global fast terminal sliding mode controller is smaller than that of the others. Therefore, NGTSMCNQ has a better control performance and stronger robustness than the other two controllers.
B. THE CONTROL OF UNMANNED SURFACE VEHICLE
In this section, an application example is given to verify the effectiveness of the novel controller which combines the improved sliding surface with the proposed reaching law. The case of the control of the unmanned surface vehicle was given in [29] . The yaw model mathematical equation of the unmanned surface vehicle is:
where x 1 is the steering angle, x 2 is the yaw angular velocity, T is the steering angle, γ is the coefficient, K is the revolving parameter, u is the rudder angle which is regarded as the control input for the system, ρ is the uncertain disturbance and |ρ| ≤ ρ max .
According to (26) , the switching function can be written as: Thus,ṡ Combining the novel reaching law, the control law is co-nstructed as:
Substituting (54) into (53), then gives:
Eq.(56) is equal to 0 only when s = 0. Accordingly, the sliding surface is reachable.
Similarly, two other controllers, GTSMCNQ and GTSM-CQ, are also designed as above.
Remark 2: If the uncertainty ρ is large, the switching gain must be set as a large positive number, which may cause a large chattering. The sign function sgn(s) can be replaced by the hyperbolic tangent function tanh(ξ s) in which ξ is designed as a positive constant.
The system control parameters are set as K = −2.36 T = 5.49, γ = 0.94.The bounded disturbance is assumed as: ρ = sin(20t).The initial state is set as [x 1 , x 2 ] = [15, 0] .The parameters of control laws are set as: α = 1, β = 1, ε = 1, k 1 = 1.1, k 2 = 0.7, f 0 = 0.2, f 1 = 2.4, f 2 = 0.1, r = 600, λ = 400, σ = 0.5.For performance comparisons among the three controllers, the trajectories of the system states are displayed in Fig.8 .
For the three controllers, the time information t r , t s , t and the system variables information x 1s and x 2s are listed in Table2.
Phase portraits of the system under GTSMCQ and GTSMCNQ are shown in Fig.9 . Phase portraits of the system under GTSMCNQ and NGTSMCNQ are shown in Fig.10 . Fig.8 shows the simulation results obtained by using three control schemes. Compared with GTSMCQ, the time for GTSMCNQ to reach the sliding surface has been greatly reduced thanks to the proposed reaching law. However, GTSMCNQ requires more time for the sliding motion than GTSMCQ, since GTSMCNQ reaches the position of the sliding surface farther away from the equilibrium point, as shown in Table2 and Fig.9 . Considering the total convergence time t, GTSMCNQ has better control performance than GTSMCQ. Compared with GTSMCNQ, NGTSMCNQ has the faster response owing to the improved sliding surface, as shown in Fig.8 (a) , (b) and Table 2 . However, its time of the approaching process is slightly longer than GTSMCNQ, as shown in Fig.8 (c) and Table2.According to (12) , the factors that affect the time of the approaching process are the parameters of the reaching law and the initial value of the variable s. For a fair comparison, the parameter settings are consistent for GTSMCNQ and NGTSMCNQ. By theoretical calculation, it can be obtained that s(0) of NGTSMCNQ is greater than that of GTSMCNQ. For these two reasons, NGTSMCNQ needs a little longer time for reaching motion. As shown in Table 2 and Fig.10 , NGTSMCNQ achieves the position of attainment of the sliding surface closer to the equilibrium point. According to (24) and (26) , NGTSMCNQ has a higher convergence speed than GTSMCNQ in the sliding phase. Thus, NGTSMCNQ takes less time for the sliding mode motion. Considering the total convergence time t, NGTSMCNQ has a faster response rate than GTSMCNQ.
In conclusion, the novel global fast terminal sliding mode controller is preferable to the other two controllers for tracking control of unmanned surface vehicles. 
C. THE CONTROL OF DC-DC BUCK CONVERTER
In this section, another example is utilized to further illustratethe effectiveness of the proposed control scheme. A typical buck converter is shown in Fig.11 . The state-space average model of the converter is described as:
where i L is the inductor current, L, C, R are the inductor,capacitor, and load resistor, respectively. µ is the duty ratio fu-nction, v in is the input voltage, and v 0 is the output voltage. For the buck converter, the load resistance is changeable. Denote θ = −1/R andθ as its estimated value. The load resistance estimator can be designed as [30] :
where m 1 , m 2 > 0, 0.5 < p 1 < 1, and
where v ref is the desired output volta-ge. The error dynamic equation can be described as follows:
With the control method proposed in this paper, the control law can be designed as:
For the sake of comparison, a global fast terminal sliding mode controller based on the double power reaching law(GTSMCDP) is designed as follows:
LC v in k 1 |s| r 1 + k 2 |s| r 2 sgn(s) (61) The experimental test platform is a semi-physical simulation system. Based on the MATLAB /Simulink and DC-DC buck converter, the experimental test setup is shown in Fig. 12 .
The buck converter parameters are v in = 12V , L = 0.1mH , C = 800µF, R = 7.5 , v ref = 3V . The controller parameters are α = 100, β = 100, ε = 1, k 1 = 5, k 2 = 5, f 0 = 0.5, f 1 = 1.8, f 2 = 0.3, r = 600, λ = 400. Shown in Fig.13 , the response of the output voltage v 0 are obtained by two control methods, when the load resistance is variable. The load resistance is changed as follows:
0 ≤ t ≤ 0.3s (7.5//2) , 0.3s < t ≤ 0.5s 7.5 , t > 0.5s (62) Fig.13 shows that the proposed control scheme can offer a faster transient response, a shorter recovery time and and a slightly smaller voltage fluctuation than GTSMCDP cont-rol scheme.
Therefore, compared with GTSMCDP,the proposed control scheme has better control performance on load-variation rejection.
V. CONCLUSION
In this paper, a novel reaching law and a novel sliding surface are proposed simultaneously. Combining the advantages of the quick power reaching law and the double power reaching law, the proposed reaching law with two variable power terms has strong adaptive ability. It can quicken the approaching rate of system states either far away from or close to the sliding surface. The improved global fast terminal sliding mode surface with dynamic coefficients can make the system arrive at the equilibrium point with the faster convergence rate. Combining with the proposed reaching law and sliding surface, a novel global fast terminal sliding mode controller is designed which can greatly enhance the dynamic response rate of the system. Moreover, the control method can make the system have small chattering and good control performance. And, three experiments confirm its validity and superiority. The proposed reaching law and sliding surface can be also applied to the design of other sliding mode controllers, separately. The proposed control method can be also applied to the control of higher-order systems. Furthermore, the design of the novel global fast terminal sliding mode controller is employed to the high-order systems which would be worthy of further exploration.
